Elk-1, an ets related gene codes for at least two splice variants Elk-1, which regulates c-fos transcription and DElk-1, both of which function as transcriptional activators. To investigate the role of Elk-1 and DElk-1 proteins in apoptosis; we have developed rat ®broblast cell lines and human breast cancer cell lines expressing Elk-1 and DElk-1. The expression of Elk-1 and DElk-1 proteins in the Elk-1/DElk-1 transfectants were analysed by immuno¯uorescence, immunohistochemistry, and Western blot analysis. The Elk-1 unlike DElk-1 transfectants showed a shortened and¯attened morphology compared to the parental cells. We have found that calcium ionophore treatment of Rat-1 Elk-1, MCF-7 Elk-1, Rat-1 DElk-1 and MCF-7 DElk-1 transfectants resulted in programmed cell death. These results indicate that constitutive expression of Elk-1 and DElk-1 proteins triggers apoptosis in Rat-1 ®broblasts and breast cancer cells when treated with calcium ionophore.
The Elk-1 gene belongs to the ets family of ternary complex factors (TCFs), i.e. Elk-1, SAP1, and NET/ ERP/SAP2/Elk-3 (Rao et al., 1989; Hipskind et al., 1991; Giovane et al., 1994; Lopez et al., 1994; Dalton and Treisman, 1992; Price et al., 1995; Nozaki et al., 1996) . The Elk-1 gene codes for at least two alternately spliced products Elk-1 (Rao et al., 1989) and DElk-1 which function as transcriptional activators (Rao and Reddy, 1992; Bhattacharya et al., 1993) , are substrates for MAP kinases Marias et al., 1993; Hill et al., 1993) and JNK protein kinases (Gupta et al., 1996; Whitmarsh et al., 1995) . As mentioned earlier, the Elk-1 protein is a TCF which in association with serum response factor (SRF) forms a ternary complex on the serum response element (SRE) of the c-fos promoter and regulates cfos transcription (Hipskind et al., 1991) . The TCF's which includes Elk-1 have three domains with similar sequences and functions. The ets domain mediates DNA binding, the SRF interaction domain interacts with SRF to form a ternary complex with the c-fos SRE and the C-terminal domain activates transcription upon phosphorylation by MAP kinases (Rao et al., 1989; Rao and Reddy, 1992; Dalton and Treisman, 1992; Janknecht et al., 1993 Janknecht et al., , 1994 Marias et al., 1993; Giovane et al., 1994; Hipskind et al., 1994; Kortenjann et al., 1994; Lopez et al., 1994; Hill et al., 1995; Price et al., 1995; Whitmarsh et al., 1995) and JNK kinases (Gupta et al., 1996) . Thus Elk-1 represents a key link between signal transduction and induction of gene transcription.
The Gag-Myb-Ets fusion protein, identi®ed in the avian acute leukemia virus E26 was shown to inhibit apoptosis and induce erythroid dierentiation in hematopoietic cells (Athanasiou et al., 1996) . Similarly the Ets-1 proto-oncogene was shown to be required for the normal survival and activation of B and T cells while an Ets-1 splice variant was shown to induce apoptosis in human colon cancer cells indicating a role in apoptosis (Bories et al., 1995; Muthusamy et al., 1995; Huang et al., 1997) . Recently, erg and¯i-1 proteins were shown to inhibit apoptosis (Yi et al., 1997) . Mitogen activated/ extracellular response kinase kinase kinase (MEKK), a serine-threonine kinase that regulates phosphorylation and activation of mitogen-activated protein kinases (MAPK) was shown to induce cell death (Johnson et al., 1996) . Inducible expression of activated MEKK stimulated the transactivation of cMyc and Elk-1 (Johnson et al., 1996) . To date, molecules involved in signaling apoptosis include ceramide (Jimenez et al., 1995) , Rho, Ras, c-Myc, p53, E1A (Canman and Kastan, 1995) , c-Jun (Evan et al., 1992) , Fas (Wang et al., 1994) , proteins associated with the TNFa receptor (Chinnaiyan et al., 1995) , BRCA1 ), Fos (Preston et al., 1996 , E2F-1 (Shan et al., 1996) , c-Myc and c-Jun transcription factors which are regulated by MAPK phosphorylation also induce apoptosis (Canman and Kastan, 1995) . Since Elk-1 protein regulates c-Fos oncogene and is a target for MAPK and JNK both of which are activated by MEKK, we speculated whether it could play a similar role in inducing an apoptotic response. In this study, we have developed rat ®broblast cell lines and human breast cancer cell lines expressing Elk-1 and DElk-1 proteins. Our results suggest that constitutive expression of Elk-1 and DElk-1 induce apoptosis in both Rat-1 and MCF-7 cells.
In an attempt to study the function of Elk-1 and DElk-1 proteins in the regulation of apoptosis, we have transfected Rat-1 ®broblasts and MCF-7 breast cancer cells with pcDNA expression vector pcDNA expression vectors containing human Elk-1 and DElk-1 cDNA and obtained stable G418 resistant cell lines expressing Elk-1 and DElk-1 proteins. The morphology of the Elk-1 transfectants were dierent from that of the parental Rat-1 ®broblast and MCF-7 cells. The Elk-1 transfectants were slow growing and appeared to be shorter and¯atter compared to the parental Rat-1/MCF-7 cells. The morphology of the DElk-1 transfectants were similar to that of the parental cells. We analysed the expression of Elk-1 and DElk-1 proteins in Elk-1 and DElk-1 transfectants by indirect immuno¯uorescence analysis, immunoperoxidase staining (Figure 1 ) and Western blot analysis (Figure 2 ) using Elk-1 polyclonal antibody as described previously Wang et al., 1997) . The nuclear and cytoplasmic staining was brighter and stronger in both Elk-1 and DElk-1 transfected cells compared to parental Rat-1 fibroblast cells suggesting higher levels of expression of Elk-1 and DElk-1 proteins in transfected cells ( Figure  1 ). Western blot analysis revealed a signi®cant increase in the levels of expression of Elk-1 and DElk-1 proteins when compared to the parental Rat-1 cells ( Figure 2 ). Similarly, we have also observed signi®cant increase in the expression of Elk-1 and DElk-1 proteins in MCF-7 Elk-1 and MCF-7 DElk-1 transfectants by immunoperoxidase staining and Western blot analysis (data not given). Calcium ionophore A23187 is known to induce apoptosis in thymocytes and neurons and previously, we have shown A23187 to induce apoptosis in BRCA1a transfected NIH3T3 and MCF-7 cells (Cohen et al., 1984; Joseph et al., 1993; Shao et al., 1996) . This led us to examine apoptosis in Rat-1 Elk-1, MCF-7 Elk-1, Rat-1 DElk-1 and MCF-7 DElk-1 transfectants after A23187 treatment. Rat-1, Rat-1 Elk-1, Rat-1 DElk-1 and MCF-7, MCF-7 Elk-1 and MCF-7 DElk-1 cells were treated with calcium ionophore A23187 for 24 ± 48 h and the cell cycle distribution was determined bȳ ow cytometry with propidium iodide staining method. Histogram of the DNA content and the percentage of cells in G1, S and G2 plus M phase of the cell cycle were evaluated using EPICS pro®le analyser. The Elk-1 and DElk-1 transfected cells showed accelerated rates of apoptosis (Ap value 49% for Rat-1 Elk-1, 66% for MCF-7 Elk-1, 42% for Rat-1 DElk-1 and 28% for MCF-7 DElk-1 cells) in the presence of calcium ionophore (Figure 3a and b) Figure 1 Detection of Elk-1 and DElk-1 proteins in Rat-1, Rat-1 Elk-1 and Rat-1 DElk-1 cells by immunohistochemistry. Full length Elk-1 (Rao et al., 1989) and DElk-1 cDNA's were subcloned into pcDNA expression vectors. Puri®ed DNA (20 mg) of pcDNA expression vector or vector containing Elk-1/DElk-1 cDNA's were transfected into Rat-1 and MCF-1 cells by calcium phosphate precipitation method using the Invitrogen kit as described previously . Rat-1, Elk-1 and DElk-1 transfectant cells were cultured in chamber slides and processed for immunohistochemistry using an Elk-1 carboxyterminal peptide antibody as described previously Shao et al., 1996) Figure 2 Western blot analysis of Rat-1 cells stably transfected with Elk-1 and DElk-1 using an anti-C-terminal Elk-1 antibody. Rat-1, Rat-1 Elk-1 and Rat-1 DElk-1 cells were harvested by washing in PBS and treating with trypsin. For preparing total cell extracts the cells were lysed in RIPA buer and subjected to Western blot analysis as described previously . For Western blotting analysis *50 mg of cell extract in SDS sample buer were loaded on a 10% SDS ± PAGE in Bio-Rad mini-protein II cell as described previously . After electrophoresis, the proteins were transferred electrophoretically to nitrocellulose membrane (Amersham). Immunodetection of Elk-1 protein was performed with a polyclonal anti-Elk-1 peptide antibody (Santa Cruz Biotechnology, I-20) diluted 1 : 100 using ECL Western exposure chemiluminescent detection system from Amersham
Elk-1 and DElk-1 proteins induce apoptosis N Shao et al whereas the control Rat-1 ®broblasts and MCF-7 cells showed lower levels of apoptosis under identical conditions (Ap value 16% and 5% respectively). Measurement of apoptosis through the sub G1 peak in the DNA histogram gives no distribution between viable and dead cells since all the cells are ®xed. We, therefore, studied the viability of Rat-1 cells, Rat-1 Elk-1, Rat-1 DElk-1, MCF-7 cells, MCF-7 Elk-1 and MCF-7 DElk-1 cells cultured in the presence of calcium ionophore by MTT metabolic assay. In this assay, viable cells will cleave MTT to produce formazan using mitochondrial enzyme succinate tetrazolium reductate and the quantity of formazan dye produced correlates directly to the number of viable cells. As shown in Figure 3c , only 35% of Rat-1 Elk-1 cells and 33% of Rat-1 DElk-1 cells remained viable upon exposure to calcium ionophore for 24 h, compared to nearly 80% of control Rat-1 cells. Similarly, (Figure 3d ) only 21% of MCF-7 Elk-1 and 24% of MCF-7 DElk-1 cells survived upon exposure to calcium ionophore for 24 h, compared to nearly 40% of control MCF-7 cells. These results suggest that both Elk-1 and DElk-1 proteins induce death in Rat-1 and MCF-7 cells.
Elk-1 and DElk-1 transfected Rat-1 cells were cultured in the presence of calcium ionophore to induce apoptosis and the incidence of cell death was determined by phase contrast microscopy after staining the cultures with Hoescht 33258. The nuclei of Rat-1 Elk-1 and Rat-1 DElk-1 cells showed strong chromatin condensation and nuclear degradation into small, spherical nuclear particles of condensed chromatin characteristic of apoptosis, whereas the parental Rat-1 cells did not show any signi®cant change in the staining pattern (Figure 3e) .
The induction of apoptosis in the Elk-1 and DElk-1 transfectants upon treatment with calcium ionophore was further con®rmed by analysis of DNA fragmentation. The DNA of Elk-1 and DElk-1 cells treated with calcium ionophore was broken into oligonucleosomal DNA ladder typical of apoptosis whereas the parental Rat-1/MCF-7 cells showed no signi®cant DNA degradation (Figure 3f and g ). These results suggested that calcium ionophore induces apoptosis more readily in Rat-1 Elk-1, MCF-7 Elk-1, Rat-1 DElk-1, MCF-7 DElk-1 cells than control Rat-1/MCF-7 cells and overexpression of Elk-1 and DElk-1 induces apoptosis in breast cancer cells. All the above results shown for a single clone of Rat-1 Elk-1 or Rat-1 DElk-1 or MCF-7 Elk-1 or MCF-7 DElk-1 cells have been reproducibly obtained with several other independent clonal isolates of Rat-1/MCF-7-Elk-1 and Rat-1/MCF-7DElk-1 cells. From our data it appears that Elk-1 is more eective in causing cell death than DElk-1 when cells are exposed to A23187. These dierences in the apoptotic potential of Elk-1 and DElk-1 proteins does not appear to be due to dierences in the levels of expression of these proteins but may be due to the inherent dierences in their physiological functions, since Elk-1 is a ternary complex factor and c-fos regulator unlike DElk-1 protein.
c-fos transcription is induced rapidly by a wide array of extracellular stimuli, including growth factors, cytokines, neurotransmitters, ion¯uxes, phorbol esters and UV irradiation. Growth-factors induce c-fos transcription by stimulating phosphorylation of transcriptional factor TCF/Elk-1 by MAPKs while UV irradiation and MEKK1 activation strongly activate two other MAPKs JNK1 and JNK2, which also stimulate Elk-1 transcriptional activity and phosphorylation. In short UV irradiation and MEKK1 activation stimulates Elk-1 activity through JNK activation and growth factors induce Elk-1 phosphorylation, c-fos transcription through ERK activation. Recently, MEKK which phosphorylates and activates MAPK, JNK and SAPK's was shown to regulate signal transduction pathways that contribute to the apoptotic response (Johnson et al., 1996) . Apoptosis is a highly regulated process of cell death that is characterized by cell shrinkage, chromatin condensation and cellular DNA fragmentation (Searle et al., 1982) . The process of programmed cell death appears to be regulated by proteins that also function in proliferation and dierentiation. For example, both cMyc and c-fos which are immediate early gene products have been shown to induce apoptosis (Canman and Kastan, 1995; Preston et al., 1996) . The gag-Myb-Ets fusion protein, c-ets-1 proto-oncogene, and two ets superfamily members namely erg and¯i-1 have been shown to inhibit apoptosis whereas ets-1 splice variant has been shown to induce apoptosis indicating a role for the ets family of genes in apoptosis (Athanasiou et al., 1996; Bories et al., 1995; Muthusamy et al., 1995; Yi et al., 1997; Huang et al., 1997) . Our ®ndings on the Elk-1 proteins is consistent with a role for the ets related genes in cell death.
In summary our results demonstrate for the ®rst time, a role for Elk-1 and DElk-1 proteins in mediating a cell death response characteristic of apoptosis. Thus Elk-1 and DElk-1 proteins induce apoptosis similar to Rho, Ras, c-Myc, c-jun, Fas, BRCA1, Fos, p53, E1A, E2F-1, etc (Canman and Kastan, 1995; Evan et al., 1992; Wang et al., 1994; Shao et al., 1996; Preston et al., 1996; Shan et al., 1996) . The precise mechanism by which Elk-1 induces cell death remains to be investigated. Since Elk-1 functions as a transcriptional regulator, it may be either activating death inducing genes like fos (Preston et al., 1996) , Bad, Bax, Bak, BclxL, etc. or repressing death inhibiting genes like Bcl-2 (Oltvai and Korsmeyer, 1994; Reed, 1994) . Bcl-xL, Mcl-1, Al, Bag-1, etc. leading to apoptosis.
Alternatively, Elk-1 may activate apoptosis inducing proteins or target apoptosis inhibiting proteins through direct protein ± protein interactions. Elk-1 could behave similar to the c-myc oncogene which is implicated both in the control of normal cellular proliferation and apoptosis (Evan et al., 1992) . Recent evidence suggests that decrease in normal cell death is a characteristic of breast cancers (Thompson, 1995) . Future eorts will be directed towards delineating the mechanisms (such as induction of Bcl-2 family members or caspases or JNK pathways) by which Elk-1 and DElk-1 proteins induce apoptosis.
Elk-1 and DElk-1 proteins induce apoptosis N Shao et al 4 cells/well were seeded into 24 well culture dishes and incubated at 378C, 5% CO 2 for 24 h. The medium was removed and the cells were cultured in complete media containing 20 mM calcium ionophore A23187 (Sigma). At dierent times, 0.1 ml of MTT (5.0 mg/ml in PBS) solution was added into each well and incubated at 378C, 5% CO 2 for another 3 h. The medium was discarded, 0.5 ml of 0.04 HCl-isopropranol was added into each well and kept at room temperature for 20 min. Then 0.5 ml of PBS was added and quantitative by measurement of Rat-1, Rat-1 Elk-1 cells and Rat-1 DElk-1, cells treated with or without 20 mM calcium ionophore for 24 ± 48 h were cultured on glass cover slips and ®xed in methanol : glacial acetic acid (3 : 1) at 7188C for 30 min. The cells were washed in PBS and stained with 8 mg/ml Hoescht 33258 for 5 min in dark. The cover slips were rinsed in water and mounted with uorescence mounting media. The cells were visualized and photographed under the¯uorescence microscope. (f) DNA fragmentation induced by Elk-1 and DElk-1 overexpression in Rat-1 cells. 1, Rat-1 cells treated with calcium ionophore; 2, Rat-1 Elk-1 cells treated with calcium ionophore; 3, Rat-1 DElk-1 cells treated with calcium ionophore. (g) DNA fragmentation induced by Elk-1 and DElk-1 overexpression in MCF-7 cells. Lane 1, MCF-7 cells treated with calcium ionophore; 2, MCF-7 DElk-1 cells treated with calcium ionophore; 3, MCF-7 Elk-1 cells treated with calcium ionophore. This assay was modi®ed from the one previously described (Kondo et al., 1994) . Brie¯y, subcon¯uent Rat-1, Rat-1 Elk-1 and Rat-1 DElk-1 cells were treated with calcium ionophore A23187. After 48 h, both adherent and nonadherent cells were pooled (1610 6 ) and washed once with PBS. The cell pellets were lysed in 1.0 ml of a buer containing 10 mM TrisHCl, 10 mM EDTA and 0.2% Triton X-100 (pH 7.5). After 10 min on ice, the lysates were centrifuged (13 000 g) for 10 min at 48C in an Eppendorf microfuge. The supernatant (containing RNA and fragmented DNA, but not intact chromatin) was extracted ®rst with phenol : chloroform : isoamylalcohol, then with chloroform isoamylalcohol (24 : 1). The aqueous phase was made to 300 mM sodium chloride and the nucleic acids were precipitated with two volumes of ethanol. The pellet was rinsed with 70% ethanol, air dried and dissolved in 40 ml of TE buer (pH 8.0). Following digestion of RNA with RNAase A (100 ml/ml, at 378C for 30 min), the samples were electrophoresed on 2% agarose gel. DNA was then visualized after ethidium bromide staining. DNA fragmentation analysis of MCF-7, MCF-7 Elk-1 and MCF-7 DElk-1 were done as described above except for the treatment of A23187 (20 mM) for 24 h e f g Elk-1 and DElk-1 proteins induce apoptosis N Shao et al 531
